Creation and control of periodic atomic-scale structures to build nanodevices and nanosystems meet the emerging need of nanoelectronics and data storage [1] [2] [3] . Thanks to the invention of scanning tunneling microscope (STM) [4] [5] [6] , it becomes possible to fabricate arbitrary atomic superlattices on metal surfaces by manipulation of STM tip [7] [8] [9] [10] [11] [12] . However, the drawback of tip manipulation is obvious: the atomic-scale precision is almost impossible to realize on a large scale. Another promising route is self-organized growth of periodic adatoms on designer surfaces [13] [14] [15] [16] [17] [18] , which has advantages in fabrication of large-area atomic superlattices with tunable size and periodicity 19 .
However, there are still two severe difficulties that need to overcome for the application of the atomic superlattices. One is that the atomic superlattices are usually only stable at low temperature and become unstable at high temperature due to thermal disturbance.
The other is that the atomic superlattices on surface are easy to be destroyed because of absorption of other different atoms/molecules. Therefore, most of these delicately-built periodic atomic structures were realized in cryogenic environment and ultrahigh vacuum (UHV), which in principle hinder their potential application.
In this work, we demonstrate the idea of self-organization of atomic superlattice at the interface between graphene and the supporting substrate, which naturally overcome the said two shortcomings of the atomic superlattices at the surface. Interface could be seen as a Z-confined two-dimensional space compared to open space of surface 20, 21 .
The confined space provides extra stability against thermal disturbance and protects the "trapped" atoms or molecules at the interface from contamination. Here we realize selforganizing ordered S atomic superlattice at interfaces between graphene and S-rich Cu substrate. The ordered S adatoms are introduced into the interfaces by temperaturedependent segregation process and are found to be quite stable in atmospheric environment and robust even after high-temperature annealing (~350 ℃). To introduce S adatoms confined at the interface between graphene and the substrates, we use S-rich Cu foils as the supporting substrates 16, [22] [23] [24] . The S atoms segregate from the Cu foils during the growth process, which is confirmed by our X-ray photoelectron spectroscopy (XPS) measurement ( Supplementary Fig. 1 ), and form ordered atomic superlattices at the interface, as demonstrated subsequently in Fig. 2 and Fig. 3 . In our experiment, the S-rich Cu substrates were annealed at high temperature as the first step to activate the S atoms both on the metal surface and in the bulk. In the second step, carbon sources were introduced into the system for graphene growth, then the sample was slowly cooled to room temperature (~20 ℃/min). We notice that the growth temperature, i.e. segregation starting temperature, has great influence on selforganization process of the S atoms at the interface. Well-ordered S (sub)nanometercluster superlattice and monoatomic superlattices with various periods are observed at the interface with different segregation starting temperatures.
Self-organization of S (sub)nanocluster superlattice at interface. the ordered assembly of S adatoms in a special "dice-five" shape (red circles in white box of Fig. 2c ), which is similar as the structure of S reconstruction on Cu(100) 22 . Such a result, along with the result obtained by our XPS measurement, demonstrates explicitly that the studied sample is the graphene monolayer on Cu substrate intercalated with S atoms. It is also noted that the apparent height of the S clusters is only ~30 pm, strongly indicating that the S atom are almost buried in the topmost atomic layer of Cu substrate ( Supplementary Fig. 3 ). All above evidences show that segregated S adatoms spontaneously assemble themselves into identical (sub)nanometer clusters, and self-organize into large-area hierarchical superlattice at the interface between graphene and Cu substrate. Importantly, the obtained (sub)nanoclusters superlattice is quite robust and still stable after several cycles of air exposure and degas annealing (~350 ℃) (seen in Supplementary Fig. 4 ).
To further explore mechanism of the self-organization of S atoms at the interfaces, we carefully studied structures around boundaries of the superlattices. is other effect that plays a role in stabilizing more condensed arrays along the long axis of the moiré pattern 13 .
Self-organization of S adatoms superlattice at interface. Figure 3 presents the STM characterization of the graphene monolayer on Cu substrate intercalated with S atoms grown at 850 ℃, in which the self-organization of S adatoms at interface exhibits quite a distinct feature. Figure 3a show the main feature of the sample that a large amount of dispersed atomic protrusions with a density of (5.5±0.2) × 10 14 cm -2 could be visualized on graphene lattices. These protrusions were attributed to individual S adatoms trapped at the interface. The S adatoms locally exhibit square or hexagonal order (inset of Fig.   3a ). However, there is no long-range order in large area. Such a result is further confirmed by FT of the image (Fig. 3b) , which shows scattering-ring features (red dashed rings) besides the set of clear reciprocal lattice of graphene (black circles). We define the average radius of the rings as 1/ ̅ , where ̅ corresponds to the average pair distance of the S adatoms. Extracted from the Fig. 3b , the value of ̅ is estimated to be 0.65±0.15 nm. The relatively low growth (segregation) temperature may be the reason that limits the kinetic energy or time of the S adatoms to form long-range order in large area. This is especially true for areas with high coverage of S adatoms. For areas with low coverage of S adatoms, it is relatively easy to observe ordered S adatoms superlattices confined at the interface. As shown in Fig. 3c , large-area ordered S adatoms superlattices with a S density of (2.6±0.2) × 10 14 cm -2 were clearly observed at the area. The FT of the image (Fig. 3d) exhibits the clear q-space patterns of both clear graphene lattice (black circles) and S adatoms superlattice (first-order points marked by red circles). According to our experimental result, as shown in Fig. 3a and graphene. Fig. 4b shows a special area where strong herringbone-like charge-density wave (CDW) morphologies were observed on the same sample shown in Fig. 3 . A close-up image (white box in Fig. 4b) shows that the one-dimensional strips (red dashed lines marked in Fig. 4b ) are likely to be the corrugation of underlying substrate ( Fig.   4c ) and clear honeycomb lattices of graphene emerge over the whole area (white hexagons in Fig. 4c ). Another important feature is that hexagonal contrasts of graphene lattice show a typical R3-ordered atomic features (red hexagons in Fig. 4c ), which is exactly alike to the predicted KD phase. The simultaneously-acquired dI/dV mapping more clearly presents the R3-ordered nature of the CDW state (Fig. 4d) . Above results evidence that a typical KD phase was observed and the stripped underlay may be the origin of the special symmetry-broken phase of graphene.
To elucidate the spatial configuration of graphene and substrate, FT of Fig. 4c is shown in Fig. 4e . Three sets of ordered patterns are marked in the image: the outer one corresponds to graphene lattice (Qg, black circles); the intermediate pattern corresponds
to the typical R3 superlattice which is assigned to KD phase (Qk, blue circles); the rest inner scattering peaks (red circles) can be seen as a largely stretched hexagonal pattern of underlying "substrate", which is much alike to the reciprocal pattern of ordered S adatoms superlattice demonstrated in Fig. 3d . Fig. 4f schematically pictures the atoms of the "substrate" (red balls) in real space superimposed on graphene lattice by extracting the details of the pattern from the FT. It is clearly demonstrated that the atoms of the "substrate" is commensurate with graphene lattice, which could be described by two unequal integer sums of graphene vectors 1 = ⃑⃑ − 5⃑ (~1.13 nm) and 2 = ⃑⃑ + ⃑ (~0.43 nm). The unique periodicity strongly indicates that the "substrate" is not any stable facets of Cu but a similar S adatoms superlattice, which strongly modulates the electronic properties of graphene. By further coloring the graphene lattice into threecolor Kekulé texture (Fig. 4f upper right) , it is surprisingly to find that the ordered adatoms sit in the same-color grid, which follow a hidden Kekulé order. We employed a phenomenological model of KD phase to further confirm the proposed configuration (left panel of Fig. 4g) . A simulated STM image that is well matched to the experimental topography in Fig. 4b and Fig. 4c was created (right panel of Fig. 4g) , suggesting of the validity of the proposed configuration of graphene and adatoms superlattice. This well explains the origin of such strong KD phase in this area and different morphologies of graphene with adatoms superlattice. It is also worth to mention that in this case the symmetry of graphene may take dominated roles in the formation of ordered adatoms superlattices at interface since the adatoms superlattice to a large extent follow the order of graphene lattice. As theory predicted, the KD phase possesses a gapped band structure which depends on strength of intervalley scattering induced by adatoms. As characterized by our STS measurements (Fig. 4h) , a series of spectra with different tunneling current setpoints show a shared feature that an asymmetric bandgap of 245±5 mV appear in graphene ranging from -100 mV (top of the valence band) to 145 mV (bottom of the conduction band). The origin of the gap in KD phase was attributed to inequivalent electrons hopping t1and t2 between nearest sublattices (inset in Fig. 4h ).
From fits to theoretical simulation, a similar gap would open at Γ point considering ~5%
difference between t1 and t2, creating massive Dirac fermions of mD= 0.28±0.02 me (see method for details of calculation.
Discussion
Our experiments describe a method to create ordered S (sub)nanoclusters superlattice and adatoms superlattice through self-organization at the interface of graphene and Cu substrate. Both the symmetry of graphene and Cu substrate have influenced the selforganization process leading to various self-organized nanostructures. The superlattice with specific periodicity in turn modulate the electronic properties of graphene into new quantum phases like KD phase. The reported self-organization of atomic superlattices at interfaces may be universal and could be extended to other systems, which may provide a new route to realize exotic electronic states in graphene and other twodimensional materials.
Methods
CVD preparation of graphene. The 25-μm Cu foil was purchased from Alfa Aesar.
Before growth, Cu foil was first electropolished at 1.5 V DC voltage for 60 min, using a mixture of phosphoric acid and ethylene glycol (volume ratio = 3:1) as the electrolyte.
The pre-treated Cu foil was loaded into a 2-inch quartz tube of low-pressure chemical vapor deposition furnace for sample growth. The Cu foil was first heated from room temperature to 1,000 ℃ in 30 min and kept for another 30 min, with 50 sccm (standard cubic centimeter per minute) H2 and 50 sccm Ar as carrier gas. In the second step, the furnace temperature was set to 1000 ℃ (850 ℃) and then the carbon source was introduced into the furnace to grow graphene for 10 min. After all growth, the sample was cooled down to room temperature slowly (~20 ℃/min). 
Here t is the hopping amplitude dependent on the altered effective nearest neighbor distances. Based on previous DFT calculations, t empirically ranges from 2.7 eV to 3.16
eV. For simplify, in our superlattice, the hopping energies have two distinct values defined as t1 and t2.
Analogous to intrinsic graphene, the Hamiltonian can be transformed by writing the operators in reciprocal space
Where Rj -Rj' is the effective distance between the corresponding Kekulé unit cells.
By diagonalizing Hamiltonian (S2), we obtain the low-energy electronic spectra (the 3 rd and 4 th sub-bands of six-band spectra) of the Kekulé superlattice ( Supplementary   Fig. 5b ). All scale bars are 2 nm.
